Aims: An abundance of evidence has firmly established the familial aggregation of schizophrenia. The aim of this study was to examine how age at onset, parental characteristics and season of birth modify the familiality in schizophrenia. Methods: A population-based cohort was created by linking the Swedish Multi-Generation and Hospital Discharge Registers. Among 5,075,998 full siblings born between 1932 through to 1990, 16,346 cases of schizophrenia were identified. Familial aggregation was measured by the sibling recurrence-risk ratio, defined as the risk of schizophrenia among full siblings of schizophrenia patients compared with the risk among siblings of unaffected people. Results: We found a statistically significantly lower recurrence-risk ratio in siblings of later onset cases (7.2; 95% confidence interval (95% CI) 6.7-7.9) than of early onset cases (10.8; 95% CI 9.4-12.2). A lower recurrence-risk ratio was observed among offspring to fathers above 40 years (6.3; 95% CI 5.3-7.3) as compared with offspring of younger fathers (8.6; 95% CI 8.0-9.3). Further, among offspring to parents born outside Sweden the recurrence-risk ratio was statistically significantly lower (maternal immigrants 4.8; 95% CI 4.0-5.7, paternal immigrants 5.7; 95% CI 4.6-6.9) than among offspring to parents born in Sweden. Conclusions: The familial aggregation of schizophrenia was reduced by higher age at onset, advancing paternal age and immigrant status of parents.
Background
Schizophrenia is a multi-faceted disorder with a highly familial nature. The lifetime risk is approximately 10 times higher in first-degree relatives of patients with schizophrenia than in the general population [1] and twin studies indicate that 81% of the variation in liability can be explained by genes [2] . However, a number of risk factors additional to family history have been identified [3] and it has been proposed that other factors than genetic relatedness to a schizophrenia patient can affect familial risk [4] . Similar to many complex diseases with a variable age at onset, the familiality of schizophrenia seems to be stronger in the early onset than in the late onset forms of the illness [5] [6] [7] . van Os et al. [8] suggest that urban birth and family history interact synergistically, whereas season of birth does not seem to affect the sibling's risk of developing schizophrenia [9] . Other potential interacting factors related to schizophrenia include paternal age and migration [10, 11] .
Aims
The aim of this study was to investigate possible moderating effect of individual characteristics (such as age at onset of disease and season of birth) and parental characteristics (such as paternal age and immigrant status) on familial aggregation of schizophrenia. For this purpose, we investigated the sibling recurrence-risk ratio for schizophrenia by utilizing data from several Swedish populationbased registers.
Methods

Data sources
The Swedish Multi-Generation Register includes children born since 1932 who are linked to their biological parents. The register comprises nine million children (index persons) and 11 million unique individuals [12] .
The Swedish Hospital Discharge Register contains details on virtually all psychiatric hospitalizations in Sweden from 1973. Dates of each hospital admission, discharge and the main discharge diagnosis assigned by the treating physician (and up to eight secondary diagnoses if occurring) are recorded according to the International Classification of Diseases, Eighth revision (ICD-8) through 1986, Ninth revision (ICD-9) between 1987 and 1996 and Tenth revision (ICD-10) from 1997 onwards. The register has a nationwide coverage of inpatient treatment facilities and includes care in both psychiatric and somatic hospitals [13] . The discharge diagnosis of schizophrenia has been validated and few false positive cases have been reported [14, 15] .
Patients with schizophrenia were defined as individuals identified in the Swedish Hospital Discharge Register having at least two inpatient hospitalizations with a discharge diagnosis of schizophrenia (ICD-8 and ICD-9 code 295 and ICD-10 codes F20, F23.1, F23.2 and F25). Latent schizophrenia (295.5, 295F and F21) was excluded. The criterion of at least two inpatient hospitalizations was chosen to increase diagnostic precision, providing nearly identical estimates of familial risks as those from the literature [1] . Information about country of birth was derived from the Total Population Register.
Using the unique national registration number, a population-based Swedish database was created by linking the Swedish Hospital Discharge and Multi-Generation Registers. The linkage identified 5,075,998 unique individuals born between 1932 and 1990, where at least one full sibling and both the parents were identified. These individuals were followed up until 2004, resulting in 16,346 individuals who met our criteria for schizophrenia.
Statistical analyses
A matched cohort study design was used to estimate the risk of schizophrenia among siblings of patients with schizophrenia compared with the risk among siblings of unaffected individuals [16] . All full siblings of cases with schizophrenia were selected, and pairs consisting of these exposed individuals and the schizophrenia patient (the proband) were specified. Thus, several sibling pairs descended from one proband. Each pair with a proband and an exposed sibling was then matched to 10 sibling pairs consisting of an individual who did not meet our criteria for
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Exposed sibling Sibling without Non-exposed sibling schizophrenia General population (male/female) Patients with schizophrenia Figure 1 . Sibling recurrence-risk ratio of schizophrenia was calculated comparing exposed/non-exposed siblings (indicated by black arrows). Further, we estimated risk ratios for different levels of individual and parental covariates of the exposed/non-exposed sibling and for different age at onset of the proband.
schizophrenia and his or her sibling ( Figure 1 ). Because age, birth cohort and gender can affect the probability of a diagnosis of schizophrenia, the members of the pair were matched on these variables. The probands were matched in an attempt to reduce misclassification of exposure and the study individuals (the siblings of the proband) were matched to avoid confounding. To ensure equal follow-up time for schizophrenia, we additionally required that the proband was matched to individuals who were alive and had not been admitted to psychiatric care for schizophrenia in Sweden at the date the proband was first hospitalized. Because the magnitude of the sibling recurrence-risk ratio was not affected by gender of the patient in this population [1] , brothers and sisters were analyzed together.
To estimate the sibling recurrence-risk ratio of schizophrenia, the data were analyzed in a conditional logistic regression model using the PROC TPHREG procedure in SAS version 9.1. To take into account the dependence of individuals from the same family, confidence intervals were computed by bootstrapping [17] . We created 1,000 bootstrap samples, each equal in size to the original sample, by randomly resampling with replacement from the original data. For each bootstrap sample, a matched stratum (one exposed and 10 non-exposed study individuals) was selected at random to be included in the sample and then made available to be selected again for that same sample. Exact, asymmetric confidence intervals were calculated with PROC UNIVARIATE using the 2.5 and 97.5 percentiles to constitute the limits of the 95% confidence interval. Statistically significant differences were assumed when p < 0.05 (two-sided).
Two forms of information (individual and parental) were included as interaction terms with proband schizophrenia to examine whether the risk ratio was influenced by covariates. Separate models were fitted for each covariate. Covariates were dichotomized according to predefined categories: early (<25 years) and late age at onset (25 years), Swedish and non-Swedish place of birth, younger (<40 years) and older paternal age (40 years) and birth in January-April and May-December. The cut-off for advancing paternal age was based on studies showing that major changes in schizophrenia risk have occurred at this age [18, 19] . Summer and winter births were defined according to Hultman et al. [20] , following an extensive review by Torrey et al. [21] , which concluded that individuals who later develop schizophrenia were more likely to be born in this period.
Age at onset was defined as age at first hospitalization (as recorded in the Hospital Discharge Register) of schizophrenia of the proband. First, age at onset was dichotomized into early (<25 years) and late age at onset (25 years). In an attempt to further investigate the effect of age at onset we grouped this variable into finer categories: <20, 21-30, 31-40 and 440 years, following the categorization of age at onset in another Swedish cohort [7] . Because the Swedish Hospital Discharge Register started in 1973, data on age at first hospitalization, especially on early onset cases, can only be captured accurately in younger cohorts. Therefore, a subset of schizophrenia cases (n ¼ 5,243) born from 1960 onwards was analyzed, ensuring that cases admitted at age 13 years or older were correctly classified.
Results
In total, 35,953 pairs comprising a schizophrenia proband and his or her exposed sibling were matched to 359,102 non-exposed pairs (Table I) . Table I presents the number and percentage of schizophrenia cases among the study sample, stratified by exposure to affected sibling and by age at onset of proband, immigrant status of parents and sibling and season of birth in sibling. The percentage of cases among study individuals with a sibling with schizophrenia was 3.86%. In Table I the effect of covariates on schizophrenia prevalence is attained by comparing the number of cases among individuals exposed to the covariate to the number of cases among individuals not exposed to the covariate (rowwise comparisons). The sibling recurrence-risk ratio for schizophrenia can be calculated by comparing the number of schizophrenia cases among individuals exposed to sibling schizophrenia to the number of cases among individuals not exposed to sibling schizophrenia (column-wise comparisons). Figure 2 illustrates the results from the statistical analyses, conditioned on the matching factors. We estimated the crude recurrence-risk ratio for schizophrenia in siblings to be 8.2 (95% CI 7. 6-8.8 ).
Age at onset
The mean age at onset was 31.6 years (range 14-71 years and interquartile range 24-37 years). We found a statistically significantly higher risk ratio in siblings of earlier onset cases (10.8 (95% CI 9.4-12.2)) than of later onset cases (7.2 (95% CI 6.7-7.9)). In an additional analysis the risk associated with sibling schizophrenia was calculated in four categories of age at onset. We found a monotonic decrease in the sibling risk ratio with higher age at onset of the proband (Figure 3 ).
In the later 1960 cohort there were 9,311 exposed and 92,951 non-exposed siblings. The mean age at onset was 25.6 years (range 14-42 years and interquartile range 21-29 years). A similar effect of age at onset was found as in the full cohort though the estimates overall were higher, and because the follow-up was too short, we were not able to measure the effect in the oldest age group (440 years) category ( Figure 3 ).
Paternal age
The mean paternal age was 32.0 years (range 14-80 years and interquartile range was 27-36 years). Advancing paternal age reduced the recurrence-risk ratio in siblings: the recurrence-risk ratio in siblings was statistically significantly lower in the presence of older paternal age (6.3 (95% CI 5.3-7.3)) than in younger paternal age (8.6 (95% CI 8.0-9.3)).
Immigrant status
The sibling recurrence-risk ratio was statistically significantly lower among offspring to parents born outside Sweden. The recurrence-risk ratio among offspring to mothers born outside Sweden was 4.8 (95% CI 4.0-5.7) versus 8.9 (95% CI 8.2-9.6) among offspring to mothers born in Sweden. The corresponding risks based on paternal immigrant status were 5.7 (95% CI 4.6-6.9) and 8.6 (95% CI 8.0-9.2), respectively. We found no statistically significant effect of siblings' place of birth, although the point estimate for births in Sweden was lower than among births outside Sweden.
Season of birth
There was no statistically significant effect of seasonality of birth on the recurrence-risk ratio in siblings. The recurrence-risk ratio among siblings born in January-April (8.5 (95% CI 7.5-9.5)) was similar to the risk among siblings born in May-December (8.0 (95% CI 7.4-8.8)).
Discussion
In this large, comprehensive population-based study we investigated how the familiality of schizophrenia was influenced by known risk factors of the disease. While the crude sibling risk is in accordance with earlier estimates of familial risk, the variation caused by environmental factors and other covariates can be informative and crucial in unravelling the aetiology of schizophrenia. The familial aggregation, as measured by the sibling recurrence-risk ratios, was reduced by higher age at onset, advancing paternal age and immigrant status of parents. There was a monotonic decrease in the sibling recurrence-risk ratio with higher age at onset of the proband. However, the recurrence-risk ratio remained high across the influence of the covariates, indicating a high genetic contribution. We found that patients with early age at onset convey a higher familial risk for schizophrenia than patients with a later age at onset. The familiality became progressively stronger as age at onset decreased. This trend remained and was even more pronounced when analyzing a later birth cohort in an endeavour to capture more accurately the true date of first hospitalization. Our results are consistent with most of those previously reported [5, 6, 22] , where the only negative study [23] involved a small sample of participants (n ¼ 22). Collectively, these studies provide strong evidence that early age at onset is associated with a higher familiality of schizophrenia.
It has previously been shown that the association between advancing paternal age and schizophrenia increased in people without a family history of schizophrenia [10] . Inversely, our results indicate that familial effects are significantly reduced by advancing paternal age. Germ cells divide continuously in males and because of these numerous divisions, older men have an increased risk of errors in DNA transcription. Malaspina et al. [24] suggest that the association between paternal age and schizophrenia might be due to de novo mutations in paternal germ cells. The authors support their hypothesis by showing that sporadic cases have significantly older fathers [25] . The idea of de novo mutations constitutes an appealing theory in that it has been estimated that the major part of this highly heritable disorder comprises sporadic cases [1] . A personal and family history of migration are both important risk factors for schizophrenia [11] . We found that the familiality was less pronounced in families in which at least one of the parents was born outside Sweden. This effect was reliable for maternal and paternal place of birth and the results from analyses of the siblings' place of birth followed the same pattern.
Replicating the findings from a large populationbased Finnish study [9] , we detected no interaction between seasonality of birth and familiality of schizophrenia. This observation is further supported by Hettema et al. [26] , although some older studies on this issue have yielded contradictory results [27, 28] . Overall, the largest studies to date have found no association between season of birth and familiality of schizophrenia [9, 26, 29] and the present nationwide study confirms the lack of association.
The strength of our data is the national coverage of all inpatient treatment facilities, including care in psychiatric and somatic clinics. An inherent problem with population-based studies of this kind, however, is the use of diagnostic evaluations made by different clinicians, as well as variation that occurs over time and place. Nevertheless, the reporting of diagnostic information from every hospital discharge to The Swedish National Board of Health and Welfare is standardized to ICD-codes and follows national guidelines. Furthermore, validation studies confirm a very low number of false positive diagnoses [14, 15] . Based on semi-structured interviews and medical records, 94% agreement has been reported between register-based diagnoses of schizophrenia and research diagnoses [15] . Moreover, by restricting our analyses to at least two admissions for schizophrenia, we enhanced specificity of register diagnoses.
There are several limitations that deserve consideration. First, although the siblings were matched on birth cohort, there might be an inherited problem of left-truncation. However, when a subset of schizophrenia cases born from 1960 onwards was analyzed for all covariates, the same effect of risk factors on sibling recurrence-risk ratio could be demonstrated as in the full sample (data not shown). Second, even if siblings were matched by age, gender and birth cohort, other unknown confounders might be operating. Third, our study covers a fraction of possible covariates that could potentially influence familial risk. For example, it has been demonstrated that familiality can be affected by urban birth [8] and obstetric complications [30] . Finally, we have examined gene-environment interplay in schizophrenia by use of register-derived variables as proxies for environmental exposure. A similar study design could be applied on data with more detailed information on exposures. We did not find a statistically significant effect of seasonality of birth on the familiality on schizophrenia. However, data on specific factors associated with winter birth, such as prenatal infection, vitamin D status and sunlight exposure, would perhaps be more powerful in elucidating interactions.
Conclusions
In conclusion, higher age at onset of proband, advancing paternal age and parents' place of birth outside Sweden reduced the familial aggregation of schizophrenia. Nevertheless, the sibling recurrencerisk ratio was significantly increased across all levels of risk factors of the disease. The current findings that demonstrate a large variation in the estimates depending on different levels of other risk factors underscore the importance of both familial and nonfamilial risk factors in schizophrenia, challenging the assumption of a uniform population-wide sibling risk. It would be tempting to interpret our results as evidence of a gene-environment interaction. However, familiality of schizophrenia, as measured by the sibling risk ratio, consists of both genetic and environmental components. Likewise, some risk factors for schizophrenia have an environmental origin, whereas others might themselves influence or be influenced by genetic factors. Advances in molecular genetics now allow direct assessment of hundreds of thousands of genetic variants spaced across the genome and enable more refined and powerful analyses of gene-environment interactions.
At the least, our study suggests that genetic influences cannot by themselves provide an answer to the disease panorama. 
